Mihyun Lee, [a] Junsung Rho, [b] Dong-Eun Lee, [c] Seonki Hong, [a] Sun-Ju Choi, [c] Phillip B. Messersmith,* [b] and Haeshin Lee* [a] Ensuring an adequate supply of clean water is an urgent global issue. In 1992, the United Nations (UN) designated March 22 of every year as World Water Day (WWD) to increase awareness of the importance of clean water conservation. Also, Population Action International (PAI) has reported a shortage of fresh water in developing and under-developed countries. [1] The demand for clean water will continue to increase because of industrialization and population growth. Thus, the development of technologies that can effectively purify contaminated water has been an emerging area of research.
Adsorption-based technologies have been used to remove a variety of toxic chemicals from contaminated water through batch or continuous flow processes. The carboxyl and amine groups of activated carbon [2] and polysaccharides such as alginate [3] and chitosan [4] are the most widely implemented adsorbents owing to their ability to chelate toxic heavy metals. [3a] However, several limitations of existing adsorbents can be identified. First, the attachment of polysaccharides onto solid phases is essential, yet these adsorbents lack inherent adhesive properties to facilitate their immobilization onto substrates. Second, the generation of secondary pollutants during chemical processing of adsorbents is a serious environmental issue. In the case of activated carbon adsorbent, a strongly acidic solution-typically 10-50 % (v/v) HNO 3 -has been used. [5] Third, the variety of toxic chemicals that can be removed by existing adsorbents is limited-they often show excellent performance in the removal of heavy metals but perform poorly in the removal of toxic organic molecules, particularly in the case of polysaccharide adsorbents. Fourth, methods for regenerating adsorbents and isolating adsorbed toxic chemical complexes have not been adequately developed. Finally, the cost of carbon materials is rapidly increasing, [6] a particular concern for developing and resource-poor settings. Thus, novel approaches to overcome the aforementioned limitations, in whole or in part, may lead to improved and more cost-effective water detoxification processes. Adaptations of chemical and physical principles found in the biological world can offer good alternative approaches to water detoxification. In this case, biological strategies that combine surface adhesion with the ability to isolate, bind, and sequester heavy metals and other toxins are of great interest. The proteins comprising the byssal attachments of marine mussels share many of these qualities. The byssal adhesive pads are effective at attaching to substrates, and have been reported to be enriched in various metals (Fe, Mn, Zn, Cu, Ni, etc.) . [7] As an indicator of the protein's metal binding ability, the concentration of iron in dried byssus is approximately a million-fold higher than the typical concentration in seawater. [7] Furthermore, the strong metal binding property of mussel byssus has led to investigations of byssal tissue as a sensitive biomonitoring organ for heavy metals in the marine environment. [8] Thus, we hypothesize that a mussel-inspired approach combining the substrate adhesion and metal binding affinity of catechol and amine functional groups would be useful to remove toxic metals from contaminated water. Furthermore, quinones formed by catechol oxidation may provide additional capability of removing selected toxic organic compounds, as they are known to react with amines and thiols. [9] In fact, we have demonstrated that this chemical reaction occurs at interfaces at the single-molecule level. [9c] Polydopamine is a synthetic mimic of mussel adhesive proteins that deposits as a thin (monolayer to 50 nm or more) coating on virtually any material by spontaneous oxidation of dopamine in an alkaline aqueous solution (Figure 1 b) .
[10] Compared with other methods of coating substrates, polydopamine has the advantage of being inexpensive, adherent, and simple to deposit onto substrates without the need for surface pretreatment. Polydopamine nanolayers form on virtually any material surface, including noble metals, oxides, semiconductors, ceramics, synthetic polymers, and graphene oxide, as well as on superhydrophobic surfaces.
[11] The strength of catechol adhesion on TiO 2 and gold surfaces was reported to be stronger than the well-known avidin-biotin interaction at a singlemolecule level, thus explaining the robustness of the polydopamine coating.
[9c] The binding force on glass substrates, however, has not been reported, but it has been observed that the coating remained stable under vigorous mechanical stirring conditions ( % 1000 rpm). Also, the catecholamines that do not participate in surface binding can perform a variety of chemical reactions, resulting in water detoxification.
We chose glass beads in micro size as the material to be functionalized by polydopamine owing to large specific surface area. The amount of polydopamine on the glass beads was estimated by optical waveguide lightmode spectroscopy (OWLS). Under conditions identical to those used in preparation of the polydopamine coated glass beads, we were able to estimate that 360 mg of polydopamine was deposited per gram of glass bead ( Figure S1 in the Supporting Information).
In a typical experiment, an aqueous solution containing heavy-metal ions was passed through the column (Figure 1 a) and the eluate was analyzed by inductively coupled plasmaoptical emission spectroscopy (ICP-OES) to determine the remaining concentration of each metal species. Passage of 10 ppm solutions of Cr , and Cd II through a column containing 0.1 g of polydopamine glass beads decreased the metal ion concentration below the detection limit of ICP-OES (< 0.05 ppm). The metal binding capacity of the polydopamine beads was determined by continuing the filtration until the unbound ions were detected. The results show that the capacity is comparable to or better than a widely used activated carbon material for all of the toxic metals tested (Cu II [12] , Cr VI [13] , Hg II [14] , Cd II [2b] , and Pb II [15] ) as shown in Figure 2 a. These results indicate that polydopamine is a promising adsorbent for removal of toxic heavy-metal ions.
We used X-ray photoelectron spectroscopy (XPS) to detect the binding of metal ions to polydopamine. In polydopamine, two O 1s photoelectron peaks were detected: one from the hydroxy group of catechol (OÀC; 532.6 eV) and the other from the quinone oxygen generated by catechol oxidation (O=C; 530.9 eV; Figure 2 b, upper). [16] Exposure of polydopamine to Cu resulted in an increase in the oxygen 1s core-level binding energies: 533.1 eV for Cu-O-C (0.5 eV increase) and 531.7 eV for Cu-O = C (0.8 eV increase). The binding-energy values of O 1s have been reported to increase upon metal binding.
[17] However, the lack of change in the binding energy of N 1s upon Cu adsorption, as shown in Figure S2 . These results suggest that the site of metal chelation in polydopamine may vary according to the nature of the adsorbed metal ion.
The removal of radioisotopes from water has recently become a critical issue. Common sources of radioisotopes are nuclear power plants and hospitals. As demonstrated during the recent weather-related destruction of nuclear power plants in Japan, radioisotopes can be released into the environment through radioactive water leakage from the reactor core and rain exposure.
[18] Also, several radioisotopes have important www.chempluschem.org medical imaging and therapeutic applications and are widely used in hospitals. Tracking and disposal of these and other radioisotopes is important for preserving the safety of the environment, and there are significant concerns related to inadvertent release of these compounds. Thus, a radioisotope adsorbent device is desirable for these reasons. We tested whether polydopamine adsorbent can be used to remove a radioisotope from an aqueous liquid. We chose 177 Lu as a model radioisotope because it has been widely used in radiotherapy and imaging.
[19] At 10 mCi (1.66 ng of 177 Lu), 29.3 mg of polydopamine/glass beads removed nearly all (99.5 % n = 3) 177 Lu in a single-pass filtration ( Figure S3 ). Water containing a higher level of 177 Lu radioactivity (2000 mCi) was used to determine removal capacity of polydopamine/glass beads. Approximately 4 % of the 177 Lu was detected (n = 3; Figure 3 a) after a single passage, from which we calculated the removal capacity to be approximately 181,000 mCi g À1 polydopamine. Because the amount for a single dose of 177 Lu for medical use is in the order of several tens of pCi, [20] the adsorption capacity of only 30 mg of polydopamine/glass beads would be more than sufficient in practical settings.
Unlike widely used polysaccharide adsorbents, the polydopamine adsorbent was also able to remove toxic organic molecules. We chose 4-aminopyridine (4-Apy), an insecticide with broad toxic effects on mammals. [21] The optical property of 4-Apy exhibited a maximum adsorption at 260 nm (Figure 3 b, black curve). When solutions containing 4-Apy (10 mg mL À1 ) were passed through a polydopamine/glass bead column, UV analysis showed the nearly complete disappearance of UV absorption characteristic of 4-Apy (Figure 3 b, red curve) . The removal capacity was found to be approximately 116 mg of 4-Apy per gram of polydopamine ( Figure S4 ), determined by detecting unbound 4-Apy in the eluted solution by UV/Vis spectrophotometry. Fourier-transformed infrared (FT-IR) spectroscopy experiments using 4-Apy immobilized on the polydopamine adsorbent showed indications of the benzene ring (1531 cm
À1
for CÀC stretching of an aromatic ring (I); 1199 cm À1 for inplane CÀH bending (II); and 834 cm À1 for out-of-plane CÀH bending (III)) and secondary amine (3100-3300 cm À1 (IV); Figure S5) , thus confirming the attachment of 4-Apy. [22, 23] The removal mechanism might be covalent binding of 4-Apy onto the polydopamine by Michael addition or Schiff base formation. [24] Appropriate methods for regeneration of adsorbent and safe disposal of adsorbent/toxic compound complexes are equally important considerations in the development of new remediation technologies for toxic compounds. Currently, entire adsorbate/adsorbent complexes, such as metal/alginate/substrates or adsorbate/activated carbon are collected for disposal. In contrast, the polydopamine adsorbent exhibits the potential advantage of being able to be regenerated through treatment of polydopamine glass beads with dilute acid or hydrogen peroxide (Figure 4 a) . The polydopamine layer remained intact after treatment in 10 % acetic acid for 2 hours, as indicated by the persistence of the polydopamine-specific N 1s photoelectron peak (398.1 eV) after the acid treatment (Figure 4 b, blue curve). At the same time, the adsorbed toxic metals Cu II (Figure 4 b, black curve, Cu 2p = 932.6 eV), Pb II (red curve, Pb 4f = 138.3 eV), and Cd II (blue curve, Cd 3d = 408.0 eV) were undetectable by XPS after treatment with acid, thus indicating their removal from the coating and regeneration of the polydopamine layer. We found that complete removal of the polydopamine layer by treatment with hydrogen peroxide was necessary for recovery of 4-Apy. The XPS results showed that the polydopamine N 1s peak completely disappeared after 1 hour of exposure to 30 % H 2 O 2 . Also, the underlying glass bead surfaces were exposed by this treatment as indicated by the emergence of substrate-specific Si 2p (100.1 eV) and Si 2s (150.5 eV) peaks (Figure 4 c) . In this case, the polydopamine coating can be re-applied to the regenerated beads so that a subsequent water detoxification procedure can be performed. The polydopamine coating-removal cycle was repeatable, which we confirmed by measuring the N 1s peak between steps of several coating and removal cycles (Figure 4 d) . Both regeneration methods offer the possibility for reuse of solid supports, which may translate into economic advantages over other technologies.
In summary, we have described a novel, facile, and scalable method for batch or continuous flow removal of toxic heavy metals and organic compounds from water. The method exploits a simple and versatile approach to coating solid supports with an adherent film of mussel-adhesive-protein inspired polydopamine film that exhibits a high affinity for metal ions and certain organic compounds. The method is inexpensive, scalable, and the solid supports can be easily regenerated by treatment in dilute acid or hydrogen peroxide. To our knowledge this constitutes the first report of polydopamine related to environmental remediation, adding to a rapidly growing list of uses for polydopamine coatings that includes nanotechnology, bio-interfaces, medical devices, polymer science, and energy storage. [9c, 11a, c, 25] Figure 4. Regeneration of polydopamine adsorbent after exposure to toxic metal. a) Acid treatment (10 % acetic acid, v/v) dissociates the bound toxic metals from the polydopamine/metal complexes, whereas treatment with hydrogen peroxide removes adsorbed metal as well as polydopamine. b) XPS analysis before (above) and after (below) acetic acid treatment showed removal of Cu 2p (black curve, 932.6 eV), Cd 3d (blue curve, 408.0 and 411.7 eV), and Pb 4f (red curve, 138.3 eV), however the characteristic N 1s peak of polydopamine was preserved (blue curve, 398.1 eV, after acid treatment) c) Hydrogen peroxide effectively removed the polydopamine coating from glass surface. The disappearance of N 1s and re-appearance of Si 2p and Si 2s demonstrated the polydopamine layer removal. d) Deposition and removal of polydopamine can be repeated, as shown by a plot of N 1s and Si 2p percent composition as detected by XPS analysis.
